The linear stability of high-toroidal-number drift-ballooning modes in tokamaks is investigated with a model that includes resistive and viscous dissipation, and assumes the mode frequency to be comparable to both the sound and diamagnetic frequencies. The coupled effect of ion drift waves and electron drift-acoustic waves is shown to be important, resulting in destabilization over an intermediate range of toroidal mode numbers. The plasma parameters where the assumed orderings hold would be applicable to the edge conditions in present day tokamaks, so these instabilities might be related to the observed quasi-coherent edge-localized fluctuations.
Introduction.
Recent observations [1] of a localized instability (the quasi-coherent mode) in the edge pedestal of some H-mode discharges in the Alcator C-Mod tokamak appear to be inconsistent with linear stability predictions for ideal ballooning modes, because the local pressure gradient in the pedestal may be insufficient to drive the ideal-magnetohydrodynamic (MHD) instability. Resistive drift ballooning modes might, however, explain the observations. Several recent studies, both linear [2, 3, 4] and non-linear [4, 5, 6] , have been devoted to this topic. In much of this work, a complex set of two-fluid Braginskii [7] equations is solved numerically, sometimes in a complicated equilibrium containing or simulating the proximity of a magnetic separatrix and scrape-off layer. Instability is generally found, but there has been little discussion of a stability threshold. However, the experimental observations on Alcator indicate that there is a stability threshold which separates "edge-localized-mode (ELM)
free" H-mode behavior, in which the edge plasma is fluctuation free, from "enhanced D,," (EDA)
behavior, in which the quasi-coherent mode is present in the edge pedestal. In addition, at higher levels of auxilliary heating power, the quasi-coherent mode is replaced by a broad spectrum of grassy ELMs [8] . It is possible that these observations may be explained by a linear stability threshold, with initially a single mode (one toroidal mode number n,) becoming unstable, followed by an increasing spectrum of unstable n. values. Although ideal-MHD ballooning modes might be near their stability threshold, electron and ion diamagnetic corrections are likely to be important, as are interactions with acoustic waves. Dissipative effects (especially resistive effects) are also likely to be important.
In this paper we investigate the linear stability of drift ballooning modes using a simple model for the plasma equilibrium (the s -a model [9] ), but including a variety of non-ideal physical effects.
We derive a simple eigenmode equation for drift ballooning modes by considering an optimal ordering in which w ~ w, ~ w-j ~ pki ~ 71 k i ~ qki, where w is the mode frequency, ws = c 8 /Rq is the frequency for sound propagation over a connection length, with c2 = (T + Te)/mi, q the safety factor and R the major toroidal radius, w~j = (k x B) -Vpj/(neB 2 ) is the diamagnetic frequency for species and those driven by the ideal-MHD energy (characterized by the stability index A's [11-13]) are both described by the eigenmode equation.
In Section 2 the linear theory of dissipative drift ballooning modes is developed from a set of linearized two-fluid equations [14, 15] . These fluid equations are appropriate for the short mean-free path conditions of the edge plasma in Alcator C-Mod. They describe isothermal ions and electrons in a strong magnetic field toroidal equilibrium without temperature gradients. This linearized system contains four first order ballooning equations: continuity, parallel momentum, Ohm's law and vorticity. Eliminating the parallel ion flow, f||l, and the parallel component of the perturbed magnetic vector potential, All, generates a pair of coupled second order ODEs, describing shear-Alfven and sound waves. This system is then specialized to the s -a equilibrium model. In Section 3 a perturbative solution of the 4th order ballooning system is developed by means of a two-scale analysis. This yields a 2nd order resistive layer equation on the long scale of the ballooning variable sA > 1. The relevant dispersion relations are obtained by matching the resistive layer solution to the solution in the ideal-MHD region sA 1. In Section 4 the stability of FLR-modified ideal-MHD modes is discussed. This differs from previous analyses [16, 17] by including the coupling to electron drift-acoustic modes. The main consequence is that the FLR stabilisation of ideal ballooning modes is completely suppressed at intermediate values of toroidal mode number n.. In Section 5 the stability of drift resistive ballooning modes is discussed and in Section 6 the effects of perpendicular ion viscosity are outlined. Finally, a summary and overview of drift ballooning stability is presented in Section 7.
2. Two-Fluid Equations for Dissipative Drift Ballooning Modes.
In this section, starting from a set of linearized two-fluid equations for isothermal ions and electrons and using the s -a equilibrium model to describe the edge pedestal region of a tokamak, we derive the appropriate eigenmode equations for drift ballooning modes whose frequencies and growth rates are sub-Alfvenic. A simple reduced set of two-fluid equations has been given in Refs. [14, 15] . Taking wL-
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Here we have introduced w.
being the magnetic curvature. The perpendicular viscous stress terms and the transverse particle diffusion (oc r7i) in these equations do not appear in Ref. [15] , and these terms were taken from Ref. [14] . Equation (1) 
and
W*e describing the coupling of shear-Alfven waves and drift-acoustic waves.
Next we specialize the ballooning equations to the s -a, large-aspect-ratio, circular tokamak equilibrium model [9] . In this equilibrium, the parallel gradient operator becomes icskIi = w, d/dO, where 0 is the ballooning extended poloidal variable, -oo < 9 < oo. The perpendicular wavenumber is
The ratio between the curvature and diamagnetic frequencies is w,/wi = [2wsq2 2 /(wa)]g (9) with g(9) = cos9 + (sO -a sin9)sin9, and the ion Larmor radius is related to the diamagnetic frequency and MHD variables through p,?
We also define the resistive and viscous frequencies w,, = 71(npq/r) 2 and w.
2 . Then the shear-Alfven equation takes the form:
WA and the drift-acoustic equation takes the form: In order to also take into account the sound wave effects, we will carry out our perturbative solution assuming the maximal orderings:
Besides, we assume that the viscosity is smaller than or comparable to the resistivity: For sO ~ 1 hence k2 (9) -1, a domain to be called the ideal-MHD region, the effects of the resistivity, the viscosity and the inertia are negligible. Here, to zeroth order in e,7, the drift-acoustic equation is simply
d0 2 + 2 whose only solution that can be continued through the resistive layer in such a way that it vanishes at infinity is Vo(O) = 0. Then, also to zeroth order in E,, the shear-Alfven equation reduces to 
and expand the linearized ballooning equations with
With this ordering, the shear-Alfven equation yields in zeroth order:
In first order we solve for Ui(0, Z) and V 1 (0, Z) to obtain
In second order a pair of equations for U 2 (0, Z) and V 2 (0, Z) is obtained. The condition for solubility of the equation for U 2 (9, Z) in the fast scale variable, yields the following secular equation that determines the leading order eigenfunction Uo(Z): 
and^2 P(X 2 ) = .
(30) The above two-scale formalism can be used to study diamagnetic drift and drift-acoustic effects on ideal modes. For this purpose, we will consider in this section an ideal-MHD unstable equilibrium, 
Its solution decaying at infinity is The standard FLR results are dramatically modified when we consider the complete dispersion relation (35), including the coupling to electron drift-acoustic waves at finite o. Now, instead of the simplified quadratic dispersion relations of the standard FLR treatments, we have a quartic dispersion relation with two more roots associated with the two branches of electron drift-acoustic waves, some of which may yield a new positive growth rate. This is illustrated in Fig.2 , where the growth rate is again plotted versus n. for the same parameters used in Fig.1 , but now w, = 0.05 WA. Here, in contrast to Fig.1 , both low and high n~, modes are FLR stabilized but an island of instability appears at intermediate n, values. This occurs in the neighborhood of that n, at which the ion drift wave is resonant with a branch of the drift acoustic waves:
At this n. value, the electron drift-acoustic waves have frequencies w = 2w*e and w = wxj, and the quartic dispersion relation (35) has two roots close to w.i, one of which develops a positive growth rate:
Thus, at this resonant value of n, there is no FLR stabilization, i.e. whenever A' < 0 there exists an unstable mode whose growth rate is actually enhanced, for small 'yI/wi, by a factor 2q/V/ above the value it would have in the absence of diamagnetic effects.
Drift Resistive Ballooning Modes.
In this section we shall consider an ideal-MHD stable equilibrium, i.e. A's > 0, and investigate drift resistive modes in the inviscid limit. Setting L = 0, Eq.(27) becomes
with Qo _ Q(, = 0) =
and Po given by Eq.(32). Equation 
1 (3/4) 1 1 + 2q2 This is the generalization, including finite diamagnetic drift frequencies, of the resistive ballooning mode dispersion relation derived in Refs. [11] [12] [13] . For vanishing Wn, this predicts an instability whose growth rate follows the "tearing mode scaling", being proportional to w,73/5W 2/5A A 4 
/ 5
For plasma parameters of interest at the edge of high-performance H-mode tokamak discharges, the a2 drive is the dominant one. Thus, neglecting A' , we get the simplified dispersion relation
or Qo = 0. This dispersion relation generalizes the results of Refs. [10, 22] by including the effect of sound wave propagation and coupling to the electron drift-acoustic waves. If we neglect the sound wave propagation, i.e. setting w, = 0 in Eq.(50), we recover the result of Ref. [22] :
where YCD = (a2/2)?/3 w/ 3 2/3 is the single-fluid Carreras-Diamond growth rate [10] . Like in the analysis of modes near the ideal-MHD instability threshold, we see, as noted in [22] , that the diamagnetic drift terms mitigate the strong single fluid resistive instability leaving only a weak resistive instability with near-zero real frequency w ~ ia 2 w,?w7/(2w2). However, our complete dispersion relation (50) shows that the growth rate of this instability is strongly enhanced when the low-frequency branch of the drift-acoustic mode is degenerate with the ion drift wave according to the resonance condition (37). At this point, due to the previously discussed mechanism responsible for the loss of FLR stabilization of ideal modes, a strong resistive instability
,wa (I2 is again found. This resonant peak of the resistive growth rate is shown in Fig. 3 , where Im(w) is plotted versus n., for the same plasma parameters used in Fig. 2 , except that now a = 1.0 < ait; the magnetic Reynolds number is taken to be S = = 1.25 105 and i'V is neglected. The dependence of the mode frequency on no is shown in Fig.4 , where the ion diamagnetic frequency w.
is also shown. 
with P and Qo given by Eqs.(32,40), and
Moreover, for A' < 1 i.e. away from the ideal-MHD instability threshold, the magnitude of both 
Then, an outer region IX > 1, where it reduces to
SdX 2 x)u =o,(7 and whose solution is subject to the matching condition UJI(X -+ 0) = U'(X -* oo). Now we can obtain a variational form of the visco-resistive dispersion relation using the trial function (59)
The numerical solution of this variational visco-resistive dispersion relation is displayed in Fig.5 , for the same parameters used in Fig.3 and A2 = 0.003. It shows that the viscosity reduces the growth rate of the drift resistive ballooning mode, especially at very large toroidal mode numbers, but it does not affect much the growth rate peak at the resonant value of n,.
Conclusions.
By making use of the s -a equilibrium description of a Tokamak, a simple differential eigenvalue equation describing linear resistive ballooning instabilities has been derived. This equation (Eq.(27))
is appropriate for collisional plasma conditions in the edge pedestal region of a Tokamak. This extends the original analyses [10, 22] The foregoing drift-RBM analysis might be considered to be relevant to the, so called, "washboard modes" [26] which have been observed in the edge of JET plasmas as the H-mode pedestal re-establishes itself following its collapse in a Type I ELM event. "Washboard modes" have toroidal mode numbers in the range 1 < n4 < 10 and may therefore coincide with the truncated spectrum (see Fig.5 ) predicted when ion perpendicular viscosity is added to the drift-RBM analysis. However, they are reported to propagate in the direction of the electron diamagnetic drift, whereas, as shown in Fig.4 , the drift-RBMs of the present analysis are ion modes. curve is for j = 0.003, dashed curve is for y = 0 (as in Fig.3 ). Other parameters are as in Fig.3 . 
